INTRODUCTION
The common method of measuring the rate of transcription is based on metabolic labeling (e.g., the nuclear transcription run-on assay). This method is generally performed by incubating isolated nuclei in the presence of radioactively labeled UTP, followed by purifying the total nuclear RNA, and hybridizing it to specific DNA targets blotted on a filter (1, 2) . The requirement of isolation or cultivation of a pure cell population has limited the application of the run-on assay to a small number of cell types.
In our effort to understand the cell type-specific regulation of ribosomal RNA (rRNA) synthesis, we develop a method for estimating the rate of rRNA transcription in situ, by taking advantage of the unique processing pathway of the 47S precursor rRNA (pre-rRNA). rRNAs (18S, 28S, and 5.8S) are transcribed as a single 47S pre-rRNA, which is posttranscriptionally processed in multiple steps into the mature rRNAs. This process involves cleavages of the pre-rRNA at several sites, some of which occur simultaneously in parallel pathways. The first step in this process is the removal of the 5′ portion of the 5′-external transcribed spacer (5′-ETS) from the 47S pre-rRNA to generate 46S pre-rRNA (3) (4) (5) . The length of the removed region, known as the leader fragment of the 5′-ETS, is 650 bases in mouse and 414 bases in human. Because this leader sequence is rapidly excised and degraded after transcription (6) , its quantity in the nucleolus is a sensitive and highly selective marker of the amount of the nascent 47S pre-rRNA and hence, a likely indicator of the rate of rRNA gene (rDNA) transcription. Here we report our investigation of the quantity of the 47S pre-rRNA in several commonly used cell lines and the correlation of the level of this pre-rRNA with the rate of rRNA transcription measured by the run-on assay. We also describe the use of in situ hybridization to detect the level of this pre-rRNA in mouse ovary and retina.
MATERIALS AND METHODS

Northern Blot Analysis and Real-Time PCR
Total RNA was isolated by TRIzol ® reagent (Invitrogen, Carlsbad, CA, USA) from 293 cells (a human kidney epithelial cell line, courtesy of Dr. John T. Seykora, University of Pennsylvania), HeLa cells (a human cancerous cervical cell line; ATCC, Manassas, VA, USA), human primary keratinocytes, HaCaT cells (an immortalized human keratinocyte line; ATCC), and human primary fibroblasts. Real-time PCR for measuring the copy number of the human 47S pre-rRNA was performed using DyNAmo™ SYBR ® Green qPCR kit (Finnzymes, Espoo, Finland) under the conditions: 95°C for 10 min, 40 cycles of 94°C for 10 s, 67°C for 20 s, 72°C for 20 s, and then plate read (primers: forward, 5′-GCTGACACGCTGTCCTCTGG-3′; reverse, 5′-GAGAACGCCTGACAC-GCACG-3′). Melting curve analysis was from 65° to 95°C, 0.2°C/read, and 1 s hold. The template was the firststrand cDNA synthesized from the total RNA using primer 5′-CGACGTCAC-CACATCGATCG-3′ (Figure 1 ).
Run-On Assay
For the run-on assay with BrU as a label, cultured cells were permeabilized in situ at room temperature for 5 min in a permeabilization buffer containing University of Pennsylvania, Philadelphia, PA, USA 0.05% Triton ® X-100, and the run-on assay was done as previously described (7) . The run-on assay with the radioactive UTP was performed according to Rohr et al. (8) . The labeled total RNA was isolated and used to hybridize to the full-length rDNA, β-actin cDNA (both from ATCC), and pBluescript ® DNA (Stratagene, La Jolla, CA, USA) blotted on a filter in a hybridization buffer at 42°C overnight. The hybridization was first detected by film, and then hybridization areas were excised and quantified by scintillation counting.
In Situ Hybridization
The templates of the sense and antisense riboprobes were prepared from mouse genomic DNA (3T3 cells) by PCR with a T7 promoter attached to the forward and reverse primers, respectively. The primers for the leader fragment of the mouse 47S pre-rRNA were: forward, 5′-GCCTGTCACTTTCCTCCCTG-3′ [nucleotides (nts) 5561-5580); reverse, 5′-GCCGAAATAAGGTGGCCCTC-3′ (nts 5937-5956). The primers of the mouse 28S rRNA were: forward, 5′-GGAAACTCTGGTGGAGGTCC-3′ (nts 15131-15150); reverse, 5′-CCTTA-GCGGATTCCGACTTC-3′ (nts 15541-15560). The riboprobes were then produced by in vitro transcription with [ 35 S]UTP. The tissue sections were hybridized and washed according to Yashima et al. (9) . The slides were coated with NTB-2 emulsion (Eastman Kodak, Rochester, NY, USA). Exposure time varied from several days to 2 weeks. The slides were developed with D19 developer (Eastman Kodak) and counterstained with Hoechst 33258.
RESULTS
Level of the 47S Pre-rRNA in Cultured Cells
To investigate the level of the 47S pre-rRNA in human cell lines (293 cells, HeLa cells, HaCaT cells, primary keratinocytes, and primary fibroblasts), we performed Northern blot analyses using the leader fragment as a probe. Results from four independent experiments were similar. In all five cell lines, the probe hybridized to a single band of 14.4 kb, which corresponds to the size of the 47S pre-rRNA ( Figure 2 ). Notably, we did not detect a band of 414 bp (not shown), which is the size of the excised leader fragment. This suggests that only the leader fragment attached to the 47S pre-rRNA could be detected, which is consistent with the observation that once excised, the leader fragment is rapidly hydrolyzed (6) . By Northern blot analysis, we observed clear variations in the level of the 47S pre-rRNA among the cell lines. In reference to the levels of the β-actin mRNA, the rank of the levels of the 47S pre-rRNA was, in descending order, the 293 cells, the HeLa cells, the HaCaT cells, the primary keratinocytes, and the primary fibroblasts.
We used real-time PCR to verify the above result. The primer for cDNA synthesis was located immediately downstream from the cleavage site of the leader fragment ( Figure 1 ). This design assures that only the quantity of the 47S pre-rRNA was measured. The copy numbers of the 47S pre-rRNA, shown in Table 1 , were determined by real-time PCR amplification of the leader sequence. The experimental data were interpolated on a standard curve, which was generated from serial dilutions of a known quantity of the cDNA of the leader fragment. The results from three independent experiments agreed well with those of the Northern blot analysis, with the highest level of the 47S pre-rRNA found in the 293 cells and the lowest level of the 47S pre-rRNA found in primary fibroblasts (Table 1) . Thus, we detected consistent variations of the level of the 47S prerRNA in several commonly available human cell lines.
Level of the 47S Pre-rRNA Correlates with the Rate of rRNA Transcription
To demonstrate that the level of the 
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47S pre-rRNA correlates with the rate of rRNA synthesis, we measured the rate of rRNA transcription in these cell lines by the run-on assay. To verify the specificity of the run-on assay, we examined the subcellular site of BrU incorporation. In more than 80%-90% of the HeLa cells and primary fibroblasts, bright and intense nucleolar labeling ( Figure 3, A and B, arrows) were observed, suggesting that Pol I transcription was detected. We only detected weak nucleoplasmic labeling, suggesting that our experimental condition favored Pol I transcription. The nucleolar incorporation of BrU was abolished by RNase digestion or by actinomycin D treatment, but was resistant to α-amanitin, confirming its dependency on Pol I activity. The rate of rRNA transcription was measured under a similar condition, except that [ 32 P]UTP was used in place of BrUTP. The total nuclear RNA, which contained the radiolabeled nascent RNA, was isolated and hybridized to the full-length rDNA ( Figure 3C ). The human β-actin cDNA and the pBluescript DNA served as specificity and background controls, respectively. The rate of transcription was calculated as the amount of radioactivity [in counts per minute (cpm)] hybridized to the DNA target divided by the duration (in minutes) of the run-on reaction. Three independent experiments yielded the same result ( Table 1) . The rank of the rates of rRNA transcription of the selected cells was, in descending order, the 293 cells, the HeLa cells, the HaCaT cells, and the primary fibroblasts, which is the same as ranked by their content of the 47S pre-rRNA (Table 1) .
We thus observed a positive correlation between the rate of rRNA transcription and the level of the 47S pre-rRNA. This correlation has a coefficient of 0.95 and can be described by the linear equation: y = 6.87x + 109.06, with an R 2 value of 0.90.
Level of the 47S Pre-rRNA During Mouse Oocyte Development
To investigate the feasibility of using the level of the 47S pre-rRNA to estimate the rate of rRNA synthesis in situ, we used the mouse oocyte as a model. The rate of rRNA synthesis during oocyte development is the highest among all cell types. The profile of mouse oocyte rRNA synthesis has been well characterized (10) . During the growth phase of the oocyte, the rate of rRNA synthesis increases steadily and plateaus before entering a rapid decline when all transcription activity was shut down prior to germinal vesicle breakdown (GVBD). We used [ 35 S]-labeled leader fragment to probe tissue sections of mouse ovary by in situ hybridization. Within a single ovary section, oocytes at different developing stages were observed. In the growing oocytes (Figure 4, A and  B) , the signals of the 47S pre-rRNA were intense and notably higher than the surrounding granulosa cells. In contrast, in oocytes that had reached their full-grown stage (Figure 4 , C and D), as indicated by the well-developed follicular structure, the content of the 47S pre-rRNA also declined significantly. Thus, during oocyte development, the level of the 47S prerRNA detected by the leader fragment correlated closely to the rate of rRNA synthesis established previously (10) .
Comparison of the Levels of 47S Pre-rRNA and 28S Mature rRNA
As accelerated rRNA synthesis may lead to a higher accumulation of mature rRNAs (11), we checked the level of the accumulation of the 28S rRNA in parallel to that of the 47S pre-rRNA in mouse retina ( Figure 5 ). The signals of the 47S pre-rRNA ( Figure 5A , an example is shown by an arrow) overlapped with the nuclear staining and differed clearly from the cytoplasmic location of the 28S rRNA ( Figure 5B ). This is in agreement with the fact that the synthesis and processing of the 47S pre-rRNA are within the nucleus (at this resolution, we cannot discern the location of the nucleoli.). The content of the 47S pre-rRNA was markedly different among the cellular layers of the retina. The cells in the ganglion cellular layer (GCL) have the most intense hybridization signals, suggesting the rate of rRNA synthesis of these cells was higher. There were also clear signals in the upper part of the inner plexiform layer (INL). In contrast, lesser signals were detected in other nuclear layers, suggesting a relatively lower rate of rRNA synthesis. On the other hand, the variation of the signals of the 28S rRNA was not as obvious. There was a small but detectable elevation of the 28S rRNA in the GCL and INL, where the higher level of the 47S pre-rRNA was detected. For the rod and cone cells, our data also revealed that most of the 28S rRNA was sequestered in the cytoplasm and little was found in the densely packed nucleus layer.
DISCUSSION
We show here the feasibility of using the quantity of the 47S pre-rRNA as an in situ indicator of the rate of rRNA transcription. The steady-state level of the 47S pre-rRNA is determined by the rate of transcription and the rate of the initial processing (i.e., cleavage of the leader). We show that, in five types of human cells from four different tissue/origins, the content of the 47S pre-rRNA correlates positively with the rate of rRNA transcription measured by the run-on assay (Table  1) . Although this correlation can be fitted into a linear equation, the actual relationship may not be as simple, since we cannot completely rule out the influence of a variable rate of processing in the cell lines used. In any case, this correlation indicates that, in these cells, the variation in the rate of initial processing is much less than that of the rate of transcription. If the rate of processing remains the same when the rate of rRNA transcription increases, the increase in the level of the 47S prerRNA reflects accurately the increase in the rate of transcription. If the rate of initial processing increases in parallel with the rate of transcription (albeit to a lesser extent), then the change in the level of the 47S pre-rRNA leads to an underestimation of the magnitude of the actual increase in the rate of transcription. In both cases, the level of the 47S pre-rRNA is a reliable qualitative indicator for the change in the rate of transcription among cells. It is conceivable, however, that when a cell is shutting down its rRNA production, the rate of the initial processing may decrease faster than the decrease in the rate of transcription. In this case, there will be a transient increase in the level of the 47S pre-rRNA, which, when detected, would lead to a false impression that the rate of transcription is increasing. Because of the transient nature of such a scenario (since the rate The hybridization signals (silver grains) were laterally illuminated and appeared as bright red dots. Note that the 47S prerRNA is located in the nucleus, whereas the 28S rRNA is located in the cytoplasm. The cytoplasmic location of the 28S rRNA is particularly apparent for the photoreceptor layer (RCL). Abbreviations: GCL, ganglian cellular layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; RCL, rods and cones layer.
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of transcription will eventually come down), the likelihood of detecting it in a tissue at the homeostatic state is very small; therefore we do not believe that such a scenario will seriously affect the general application of this method. Our results and the above analysis are in good agreement with the generally held notion that the regulation of rRNA synthesis is at the level of transcription (12) (13) (14) , which is the rate-limiting step in rRNA production. Thus far, no case has been reported where the processing of the pre-rRNA serves as a means of regulating rRNA production (15) (16) (17) .
By comparing the steady-state levels of the 47S pre-rRNA and the mature 28S rRNA, we find that the former is likely to be a more sensitive indicator for variations in the rate of rRNA synthesis. This is not surprising, since the accumulation of the mature rRNA is influenced by more factors and processes (e.g., transcription, processing, and degradation) than that of the nascent transcript. Furthermore, the relatively small cellular content of the 47S precursor compared with the dominant presence of the mature rRNA (18S, 28S, and 5.8S) makes the former a more sensitive indicator than the latter for transcriptional perturbation.
Compared with the existing methods of estimating the rate of rRNA transcription (metabolic labeling and steady-state level of mature RNA), our method has the advantage of being able to detect variations in the rate of transcription in single cells in situ and with a higher sensitivity. In principle, the advantage of using a nascent transcript as an indicator for the rate of transcription is applicable for studying the regulation of genes transcribed by other polymerases.
